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Abstract 
Agricultural management influences the rainfall-runoff processes and has relevant effect on soil erosion, especially 
on hillslope vineyards. Mechanization in the inter-row is particularly important in this issues. Vegetation cover, soil 
structure modification and crust formation dramatically influence the overland flow. 
In this work ponded infiltration measurements in relation both to soil water content measurements and to long time 
series of rainfall-runoff were performed. In fact in the case of event scale mathematical models, soil hydrology theory 
provides the methods to evaluate some key parameters. 
First of all a long time series of rainfall-runoff data measured by the IMAMOTER-CNR-Torino was analyzed in 
order to quantify the soil management effects in the Regione Piemonte experimental vineyards “Tenuta Cannona”. 
Then temporal variability of hydraulic conductivity and soil water content were measured in different soil surface 
conditions in relation to vineyard management. The analysis of the runoff  data set and the infiltration tests showed 
how the increase in infiltration in tilled inter-rows was limited to rainfall events that occurred immediately after 
tillage, whilst the grass cover assured better reduction of runoff and higher hydraulic conductivity on a wider 
temporal scale. 
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1. Introduction 
A great extent of vineyards in the Mediterranean region is located on hilly areas, that makes optimum 
conditions for vine-growing and, at the same time, makes runoff easier and erosion stronger during 
rainfall events. Kosmas et al. [1] pointed out that vines cultivation represents one of the land use that most 
affects the rates of runoff and sediment losses, especially in the Mediterranean countries. The disturbance 
of the soil profile and land leveling works during the vineyard plantation affect strongly runoff volumes 
and soil water content [2]. The adoption of soil management techniques in the inter-rows, which include 
tillage and maintenance of bare soil as well as mechanization, exposes the soil to degradation, favoring 
overland flow and further threats as compaction and reduction of soil water holding capacity [3-4]. The 
history of cultivation and the structure of the first centimeters of the soil were found to be major causes in 
variability of infiltration rates in vineyards by Leonard and Andrieux [5].  
Aim of this study is to investigate the effect of the soil surface conditions on runoff formation in 
sloping vineyards, especially in relation to the adopted soil management practices. A 10 years long series 
of rainfall-runoff data and hydraulic conductivity values obtained by infiltration tests were analyzed in 
order to evaluate the influence of tillage and the presence of grass cover and crust on the infiltration and 
overland flow processes. 
2. Material and methods 
2.1. Experimental area 
The research was carried out from 2000 to 2012 in an experimental vineyard of the “Tenuta Cannona” 
Experimental Vine and Wine Centre of Piedmont Regional Administration (Regione Piemonte), located 
in the “Alto Monferrato” vine-growing region of Piedmont (NW Italy), with an average elevation of 290 
m asl and on soil classified as: typic Ustorthents, fine-loamy, mixed, calcareous, mesic [6] or Dystric 
Cambisols [7]. The climate is temperate, with a mean annual air temperature of 13°C and an average 
annual precipitation of 850 mm (calculated on the 2000-2009 period), mainly concentrated in Spring 
(April and May) and Autumn (October and November). Summer rainfall events are often of high intensity 
and short duration, and the driest months are June and July.  
The experimental vineyard is composed of three 1221 m2 plots accommodated along the slope (with a 
gradient of 15%) and a SE aspect. From 2000 to 2011, different cultivation techniques were adopted on 
soil between the vine rows: conventional tillage (CT, processed with chisel at a depth of about 0.25 m), 
reduced tillage (RT, with rotary cultivator to a depth of 0.15 m) and controlled grass cover (GC, with 
grass controlled by mowing during the year), respectively in the three plots. The tillage operations in the 
inter-rows were usually carried out twice a year, once in spring and the second time in summer or in 
autumn; on the same dates the green cover in the inter-rows was mowed and residuals left on soil surface 
as mulching (Table 1). Since 2012, the soil management with reduced tillage (RT) has been abandoned 
and replaced with conventional tillage with a grassed strip at the bottom of each inter-row.  
2.2. Data collection and processing  
Each experimental plot was hydraulically bounded and runoff was collected at the bottom by a 
channel, connected with a tipping bucket device to measure the discharge of runoff. Hourly rainfall 
measurements were recorded by a rain-gauge station placed about 200 m from the plots. For the events 
that produced runoff in each plot the rainfall duration, the total rainfall and the hourly intensity were 
calculated from the data recorded by the rain-gauge.  
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Table 1. Dates and seasons of tillage and mowing execution on the three plots during the considered period. Seasons are considered 
as meteorological seasons: spring (March, April and May), summer (June, July and August), autumn (September, October and 
November). 
Year Date Season Year Date Season 
2000 17/07/2000 Summer 2005 03/05/2005 
20/06/2005 
Spring 
Summer 
2001 03-04/05/2001 
15/05/2001 
17/07/2001 
18/10/2001 
Spring 
Spring 
Summer 
Autumn 
 
2006 
 
19/03/2006 
12-13/10/2006 
 
Spring 
Autumn 
2002 22/05/2002 
31/07/2002 
Spring 
Summer 
2007 19/04/2007 
28/06/2007 
Spring 
Summer 
2003 06/05/2003 
09/07/2003 
Spring 
Summer 
2008 05/05/2008 Spring 
2004 24/05/2004 
23/11/2004 
Spring 
Autumn 
2009 20/05/2009 
08/10/2009 
Spring 
Autumn 
 
The precipitation that felt on a single day or consecutive days was considered as a event, by means of 
the following criterions:  
 for rainfall events of long duration and low intensity and snowfall events, which occurred in autumn 
and winter and rarely in early spring, each event included days with precipitation and the following 
days with runoff measurements due to drainage flow; 
 for rainfall events of short duration, which generally occurred in spring and summer and rarely in 
autumn, each event was separated by periods of at least 12 hours without rainfall or with rainfall with 
hourly intensity lower than 0.2 mm; 
 snowfall events were considered in case they were followed by rain that caused snow melting. In such 
occasions, snow and rain contributed to form runoff and to generate soil erosion. 
Each precipitation event was considered responsible for the amount of runoff that was measured 
during rainy days and immediately after them, in case of drainage or snow melting.  
From 2000 to 2009, rainfall and runoff related to 159 events were recorded for the three plots. Runoff 
events were grouped in meteorological seasons, where spring includes March, April and May; summer 
comprises June, July and August; autumn takes in September, October and November; then December, 
January and February are considered as winter months.  
To evaluate the effect of soil management on the overflow process, rainfall events that occurred 
immediately after the execution of tillage/mowing operations were considered occurred with processed 
soil condition (PS). They were separated from the remaining events, that were related to condition of 
undisturbed soil (US). In some cases not only the first event that occurred after the tillage operations was 
considered in the PS group: a second one was added when it has occurred no later than 45 days after 
tillage, within a month from the first rainfall and with antecedent rainfall <60 mm. 
2.3. Infiltration tests 
Three series of infiltration tests were carried out in autumn 2012, using the simplified falling head 
technique (SFH), proposed by Bagarello et al. [8], in order to detect the variability of the field-saturated 
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hydraulic conductivity at the surface of the vineyard inter-rows with different conditions depending on 
soil management. The tests were done in the CT plot, before and after the execution of tillage operations 
(with US and PS, respectively) , and in the GC plot, after the grass mowing. 
The SFH technique consists in applying quickly a know volume of water (V, L3) on the soil surface 
confined by a ring inserted in the soil. The time ta (T) represents the time elapsed from the application of 
water to the instant at which the water is completely infiltrated in the soil. The field-saturated hydraulic 
conductivity (Kfs, LT-1) can be then determined by the following equation: 
 
 
 
where DSWC (L3L-3) is the difference between the field-saturated (SWCfs) and the initial volumetric 
soil water content (SWCi), D=V/A (L) is the depth of water corresponding to V and a* (L-1) is a soil 
texture/structure parameter that can be estimated according to Elrick  and Reynolds [9-10]. 
 The original methodology described by Bagarello et al. [8] was adapted to our experiment with some 
minor modifications. To assure one-dimensional flow, we used a second ring that was inserted concentric 
to the inner one that was used for the direct measurement of ta. We used PVC cylinders having height of 
0.30 m, inner diameter of  0.305 m (the inner cylinder) and 0.486 m (the outer one) and wall thickness of 
0.005 m and 0.007 m, respectively. They were inserted in the soil to a minimum depth of 0.02 m. Soil 
water content at the time of insertion and sizes of the ring assured minimum disturbance of the soil within 
the cylinders. The aim of the tests was to determine hydraulic conductivity with different natural soil 
conditions, therefore the soil surface was just mended along the ring bound to avoid the presence of 
preferential flow paths due to the ring insertion. A wire net was placed at short distance from the soil 
surface, to protect it during the pouring of water. The surface of soil was sloping (with a gradient of about 
15%), so the applied volume of water had to be enough to assure a minimum height of 0.065 m on the 
whole soil surface confined by the rings. Bodhinayake et al. [11] have demonstrated that the slope of the 
sampling area does not affect significantly the infiltration measurements. The applied volumes of water 
were 7.0 L in the inner ring and 10.8 L in the bigger cylinder. To allow the application of such volumes of 
water in a few seconds, a plastic sheet was put in the rings and water was poured in; afterwards the plastic 
sheet was gently drawn out, allowing the water to fill the cylinders and then infiltrate the soil. Because of 
the inclination of the soil surface, the time ta of each test represented the time elapsed from the 
application of water to the instant at which the upper part of the soil surface in the inner cylinder appeared 
from the water surface. The time ta represented the time to reach the complete infiltration of water for the 
tests carried out on disturbed soil, when roughness of the sampling area was major because of the recent 
tillage. The equivalent depth of water D=V/A was known and it was different for each test, because of the 
sloping variations and the roughness of the tested areas, ranging from 804 cm3 to 7000 cm3 depending on 
the SFH test. 
Before the execution of each test two undisturbed soil cores (diam.= 4.7 cm by height= 5.7 cm, V= 100 
cm3) were collected next to the investigated area at depth of 0 to 0.07 and 0.08 to 0.15 m, in order to 
determine the soil bulk density (BD). For the same purpose two samples were collected after the water 
infiltration inside the inner ring. Bulk density was determined from the average of values obtained from 
the two cores sampled at the same time. Before and after each infiltration test, soil water content was 
measured with a 0.15 m TDR probe to obtain the initial and field-saturated water content. The 
measurements of initial water content were performed next to the ring, outside of each infiltration test  
investigated area.   
Two sets of infiltration test were performed in the CT plot on undisturbed soil, in the period between 
16th October 2012 and 24th October 2012, when tillage operations with chisel were done in the inter-rows, 
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and on processed soil (PS) on 15th November 2012,  22 days after tillage. The last set of tests was carried 
out on 5th and 6th December 2012 in the inter-row managed with grass cover, 42 days after mowing. In the 
period between the execution of the two SFH experiments on the tilled plot, 138.8 mm of rain had fallen 
in the area during 12 rainy days; after 15th November 2012, further 119.4 mm of rain had fallen in 8 days 
before the execution of tests in the GC plot.  
Each SFH experiment included 8 SFH infiltration tests, with 4 measurements carried out in the middle 
position of the inter-row and 4 in the track position, that is the portion of soil affected by the passage of 
tractor wheels or tracks. For each position, 2 tests were done in the upper part of the plot and 2 in the 
bottom part.  
2.4. Statistical analysis 
The rainfall/runoff data set was statistically analyzed to investigate differences among overland flow  
occurred with different soil condition, by means of the Test U Mann-Whitney (probability levels P= 
0.001 and 0.01 were assumed). 
Each SWCi, BD and Kfs data set was summarized by calculating the mean and the associated 
coefficient of variation (CV) in order to compare the data obtained by the infiltration experiments. The 
statistical frequency distributions of the data were assumed to be normal for the initial soil water content 
and the soil bulk density and log-normal for the field-saturated hydraulic conductivity, as is common for 
these variables [12]. Arithmetic means and CV were used to represent the SWCi and BD results, 
geometric means and CV were calculated for the Kfs results using the appropriate log-normal equations 
[13]. Differences between positions (middle vs track) and among treatments (GC vs US, US vs PS, GC vs 
PS) were tested by using t-tests (P=0.05). 
3. Results and discussion 
3.1. Runoff 
The results of 10 years of runoff measurements from the vineyard experimental plots are shown in 
Table 2, taking into account the seasonal distribution of rainfall and the timing of the tillage and mowing 
operations in the inter-rows. In order to consider the temporal variability of rainfall and soil conditions 
(natural or induced), the amounts of rainfall and runoff volumes obtained during each season within the 
entire period of observation are presented. Runoff rates (water flowing off the plot as a percentage of the 
total volume of rainwater) were calculated in order to allow comparisons among runoff collected in 
different treatments, seasons and soil conditions. 
Considering the seasonal runoff, from all plots the greatest runoff rates were due to rainfall (and 
snowy) events occurred during winter, when soil moisture conditions are usually close to saturation. The 
lowest values for surface flow were obtained in summer, that is also the driest season. If no distinction 
between soil conditions is taken into account, the surface flow coming from the grassed plot resulted 
lower than runoff from the CT and RT for all seasons.  
For all treatments, the number of events and thus the amounts of rainfall and collected runoff volumes 
were smaller in processed soil conditions than on undisturbed soil, due to the fact that only the first one 
or two rainfall events that occurred just after the execution of tillage operations were considered in the 
last group. The runoff rates produced by the events that have occurred immediately after tillage/mowing 
in autumn and spring were much lower than those recorded in undisturbed soil conditions. In the CT and 
RT plots, under processed soil conditions a rate of 0.32%  up to 1.65% of rainfall water has flowed away 
as runoff during the spring or autumn events: such results confirm that the tillage effect allowed to reduce 
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substantially the runoff (up to 98% in spring for the CT plot), and likely almost all the rainfall was able to 
infiltrate the soil of the tilled plots immediately after tillage in autumn and spring. The observations on 
runoff rates are supported by the results of the analysis of differences obtained according to the Test U 
Mann-Whitney (Table 3). Comparing processed and undisturbed soil conditions, significant differences 
(p-value<0.01) in runoff emerged from the values measured from tilled plots (CT and RT) during autumn 
and spring. 
Table 2. Seasonal amounts of rainfall (R) and runoff (mm and % of total rainfall) during the 10-years monitoring period, 
considering separately rainfall events occurred either before or after the execution of tillage/mowing operations (either Undisturbed 
Soil or Processed Soil). 
 Period n R Conv. 
Tillage 
Red. 
Tillage 
Grass 
Cover 
Conv.  
Tillage 
Red. 
 Tillage 
Grass 
Cover 
   (mm) (mm) (mm) (mm) (% of 
rainfall) 
(% of 
rainfall) 
(% of 
rainfall) 
Total          
 Autumn 60 2864.0 468.4 519.9 400.2 16.35 18.15 13.97 
 Spring 42 1630.0 270.2 241.9 159.7 16.58 14.84 9.80 
 Summer 27 760.6 67.6 89.2 32.9 8.89 11.73 4.32 
 Winter 30 1760.4 676.6 466.0 379.7 38.44 26.47 21.57 
          
  Annual 159 7015.0 1482.8 1317.0 972.4 21.14 18.77 13.86 
         
Undisturbed 
Soil 
        
 Autumn 51 2537.2 466.0 514.5 394.0 18.37 20.28 15.53 
 Spring 31 1286.2 268.9 239.8 155.0 20.91 18.64 12.05 
 Summer 18 523.6 43.2 64.4 17.3 8.25 12.30 3.31 
Processed 
Soil 
        
 Autumn 9 326.8 2.3 5.4 6.1 0.71 1.65 1.87 
 Spring 11 343.8 1.3 2.1 4.7 0.38 0.62 1.37 
 Summer 9 237.0 24.4 24.8 15.5 10.31 10.45 6.56 
 
Unexpectedly, when tillage operations were performed in summer the reduction of runoff was minimal 
for the RT plot, and the runoff rate originated by the CT plot was even higher than values recorded in 
undisturbed soil conditions. A similar behavior was observed for the grassed plot, after the grass cutting 
and mulching, that allowed sensible reduction of the runoff rates in autumn and in spring, but that were 
responsible for higher runoff during summer storms occurred after reduction of the grass cover.  For all 
treatments differences resulted to be not significant between runoff produced with the two soil conditions 
in summer. Considering the annual (without winter) runoff amounts obtained for different soil conditions, 
differences resulted highly significant (p-value<0.001) for the tilled plots, and not significant for the grass 
covered plot (Tab.3). In the GC plot the mowing resulted in a slight reduction of the runoff rate, with an 
increase during summer. This could be due to the reduced height (and protection) of the grass cover and 
to a low permeability layer covering the soil, made by the grass mulching. Considering summer rainfall, 
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also the runoff rates in CT and RT plots showed not significant differences due to tillage operations, even 
during the events occurred immediately after their execution. 
Table 3.  Analysis for differences between runoff produced by rainfall events occurred on Undisturbed Soil vs. Processed Soil, using 
the Mann-Whitney U test on the seasonal and annual (without winter) data sets. Mann-Whitney U test p-values: * (p  0.01), ** (p  
0.001). 
  Experimental 
plots 
Spring Summer Autumn Annual 
CT * ns * ** 
RT * ns * ** Undisturbed Soil vs Processed Soil 
GC ns ns ns ns 
 
As pointed out by Ruiz-Colmenero et al. [14], just after spring and autumn tillage operation, the soil 
initially exhibited a high infiltration rate, and during following rainfalls higher runoff rates were recorded. 
On the contrary, after summer tillage, reduction in runoff rates was not so evident even during first 
rainfall events. In most cases, despite the initial increase in infiltration in the CT and RT plots after 
tillage, on a yearly scale the effect was the opposite. Indeed, after late spring tillage operations, farmers 
were used to carry out many farming operations in vineyards using tractors, which produced 
consolidation of the harrowed soil horizon. Increasing portions of the soil surface were then interested by 
sealing and crusting, due to either trampling by workers or the tractors passage [5], and rain impact or 
runoff occurrence during high intensity storms [15]. Soil compaction and crusting were evident on surface 
of the CT and RT inter-rows from midsummer. Rainfall events that occurred during summer and early 
autumn, long time after the execution of tillage operations (on undisturbed soil), were often characterized 
by high amounts and intensities. Thus they were responsible for very high runoff, due to the low 
hydraulic conductivity of the topsoil [16]. In case of very rainy periods, especially in autumn, the 
increasing soil water content resulted from the first rainfall events could have favored afterwards overland 
flow due to saturation excess. In according to Castillo et al. [17], during the wet seasons (autumn, winter 
and spring) runoff seemed to be mainly generated by saturation of the uppermost soil layers. Also 
summer storms, with high rainfall intensities and amounts could have been responsible for overland flow 
due both to infiltration excess and to saturation excess. Nevertheless, further investigation is needed to 
better understand the process of runoff formation in different conditions of soil surface in the tilled plots, 
such as tilled and crusted soils.   
3.2. Field-saturated hydraulic conductivity 
For better understanding of the role of tillage and soil surface conditions in temporal variability of 
overland flow and to evaluate the behavior of the field-saturated hydraulic conductivity considering 
different soil conditions three series of measurements using the SFH technique were done in autumn 
2012. In-field measurements were made in the period from 16th October 2012 until 6th December 2012. 
The results are summarized in Table 4: means and coefficient of variations were calculated for initial soil 
water content, bulk density and hydraulic conductivity. There were not significant differences in bulk 
density obtained from samples in the three soil conditions, according to the t-test (p-value<0.05). Under 
undisturbed soil conditions BD was found to be different between track and middle position in the inter-
row in the CT plot, confirming the compaction effect due to tractor traffic after the late spring tillage. 
358   Marcella Biddoccu et al. /  Procedia Environmental Sciences  19 ( 2013 )  351 – 360 
The three data sets represent different initial soil water conditions, due to the climate and tillage effect: 
differences were significant for SWCi according to the t-test (p-value<0.05) comparing all values obtained 
with each soil condition (column M+T).  
Table 4. Mean and coefficient of variation (CV, in %) of the initial soil water content (SWCi), bulk density (BD) and field-
saturated hydraulic conductivity (Kfs) measured with the SFH technique in the three soil conditions (GC = soil with grass 
cover, US = undisturbed soil, PS = processed soil) and two positions in the inter-row (Middle and Track, M+T = Middle + 
Track data set). Mean values in bold italic showed a significant difference between the two positions, according to the t-test at 
the 0.05 probability level; means followed by different letters differ at the same test and probability level.  
Variables  Soil condition and Position 
  GC  US  PS 
  Middle Track M+T  Middle Track M+T  Middle Track M+T 
SWCi (m3 m-
3) 
Mean 0.338 0.403 0.371a  0.208 0.260 0.234b  0.275 0.308 0.292c 
 CV 6.7 2.9 10.3  5.5 10.5 14.5  1.4 14.1 11.4 
             
BD (g cm-3) Mean 1.36 1.41 1.38a  1.28 1.44 1.36a  1.34 1.38 1.36a 
 CV 3.0 9.8 7.0  5.4 2.3 7.1  8.1 6.1 6.8 
             
Kfs (mm h-1) Mean 248.4 56.6 118.6a  61.8 15.3 30.8b  2636.4 3705.2 3125.5c 
 CV 41.5 88.9 73.9  27.7 22.9 41.4  19.2 46.5 33.4 
 
The comparison of Kfs versus SWCi plots of the three data set (Fig.1) showed that tests made in the 
middle of the inter-rows tended to produce higher values of Kfs than in the track positions, both in the GC 
plot and in the undisturbed soil condition in CT. Difference was statistically significant between the two 
positions in the inter-row only for measurements made on undisturbed soil (CT plot). Comparing the 
three soil conditions (column M+T), there were significant differences among the data sets for the 
measured hydraulic conductivity.  
Fig. 1. Field-saturated hydraulic conductivity (Kfs), measured by the SFH technique vs. initial soil water content (SWCi). Values 
represent three soil conditions (GC = soil with grass cover, US = undisturbed soil, PS = processed soil) and two positions in the 
inter-row (Middle and Track). 
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As expected, the Kfs values resulted the highest in processed soil condition (CT plot), without 
noticeable differences between the positions in the inter-row. The lowest field-saturated hydraulic 
conductivity values were obtained under undisturbed soil condition in the CT plot, confirming that long 
time after tillage execution crusted and compacted soils allow water to infiltrate very difficultly in the 
tilled plot. 
In agreement to the measured runoff rates in the GC plot, that were the lowest in all seasons, the grass 
cover resulted in higher Kfs with respect to the undisturbed soil conditions of  the CT plot. Such effect 
was evident even under similar bulk density values, where probably the grass roots are responsible for 
changing the pore-size distribution, with presence of macro-porosity. Moreover, the roughness effect due 
to the presence of the grass cover causes a reduction of  the velocity of surface flow, favoring the water 
infiltration under different rainfall conditions. The maintenance of grass cover in the vineyard inter-rows 
assures better water infiltration than tillage throughout the year, with exclusion of the rainfall that occurs 
immediately after tillage operations. This leads to reduction of runoff and consequent soil erosion from 
the vineyards. Nevertheless, during heavy hydrological events, rainfalls could trigger many soil slips on 
slopes covered by grass and pastures, because of the saturation and fluidification of the topsoil, as was 
documented in Monferrato area and other regions of  northern Italy [18-19]. 
4. Conclusions 
In this investigation a long term series of rainfall-runoff data acquired on hillslope vineyard plots was 
analyzed, in order to evaluate the seasonal and the soil management effects on the runoff and infiltration 
processes. The greatest runoff amounts were registered in all plots during winter. The overland flow 
measured in the grassed plot resulted to be lower than runoff from plots which inter-rows were usually 
tilled twice a year (with conventional or reduce tillage) in all seasons. The effect of tillage in reducing 
runoff was confirmed to be only temporary, after spring and autumn tillage operations. Conversely, on 
yearly or longer time scale, the effect was opposite, likely because of the crusting and consolidation of the 
harrowed horizon, that resulted in low hydraulic conductivity of the top soil. Unexpectedly, after summer 
tillage the reduction of runoff (and thus the increasing of the infiltration) was absent or minimal, making 
the tillage operations fruitless.  
The great influence of the topsoil status on the infiltration process was confirmed by means of SFH 
infiltration experiments. The hydraulic conductivity in the inter-row of the tilled plot in late autumn, 
before the execution of tillage, resulted to be very low, especially in the track position, due to soil crusting 
and compaction.   
Further investigation is needed to better understand the variability of the processes of soil water 
infiltration and of runoff formation in different conditions of the soil surface in the grassed and tilled 
plots, such as processed and crusted soils. Future studies will include: execution of infiltration tests in 
different periods of the year, to better assess the temporal variability of infiltration coupled with runoff 
formation; application of a suitable hydrological model in order to simulate the variations of the rainfall-
runoff processes in the agricultural hilly environment. Results will be useful in order to address the soil 
management to the best water and soil conservation practices. 
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